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1. Electr ic  Shock Tube Studies 

Absolute measurements  of the radiation f rom normal  intensity shocks 
in a i r  have been continued in the electric shock tube at velocities up to 
36,200 ft/sec and at initial p ressures  ranging down to 0. 1 mm Hg. 
t ra ted efforts have been made to measure the equilibrium and non-equilibrium 
radiation behind a norma! air shock a t  33, 000 ft/sec at an initial p r e s s u r e  of 
0. 1 mm Hg. 

This radiation as well as the equilibrium radiation was found to  be comprised 
most ly  of N ~ ~ ( 1 - 1  molecular band radiation, N-atom line radiation and 
Kramer ' s  radiation. 

Concen- 

The integrated non-equilibrium radiation has been found to  be 
approximately 36 watts/cm2-2r s ter  as reported in the Phase  I Report. 1 

Our understanding of air radiation has  been derived pr imar i ly  f r o m  
studies of hot gas samples  under equilibrium conditions. 
tion of theory to  measurements ,  quantities such a s  f numbers and effective 
nuclear charges  have been obtained. Previously the highest t empera tures  
under which these studies were  made was approximat l y  8, O O O O K  and this 
condition was obtained by reflected shock techniques. ' The present  study of 
normal  shocks has enabled us not only to examine the non-equiiibrium radia- 
tion at high velocities but has a l so  enabled us  to  extend our study of high 
temperature  equilibrium air into the 10, OOOOK range. 

By the normaliza-  

Figure 1 shows the equilibrium radiation measurements  f rom normal  
Theoretical  distribu- air shocks at Us = 33,000 ft/sec and p1 = 0. 1 mm Hg. 

tions of the N2 (2+), N2+(1-) and Kramer ' s  radiation (produced by the capture 
of e lectrons by nitrogen ions) a r e  also plotted in this figure. The f numbers 
used fo r  the N2 (2+) and the N z + ( l - )  systems a r e  those reported in Refs. 2 and 
3 respectively. Other radiating molecular band systems should contribute in- 
significant amounts of radiation at this condition due to  the high degree of dis-  
sociation. 
tion f r o m  Kivel and Bailey. 
s t ruc ture  of this radiation at shor t  wavelengths. 
f rom a calculation by Lindenmeier5 which takes into account this fine s t ruc -  
ture .  
calculation. 
indicates that  this value should be reduced somewhat. 

The dotted line is drawn for free-bound nitrogen Kramer ' s  radia - 
This estimate did not account for the fine 

The solid line is drawn 

An effective nuclear charge,  Z2, of 1. 4 was used in Lindenmeier 's  
Comparison between t h i s  theory and the experiments f r o m  Fig. 1 

The locations of atomic nitrogen line radiation a s  reported in Ref. 2 
These atomic lines quite c lear ly  correspond 

By 
a r e  a l so  plotted in this figure. 
t o  the main source of radiation between 0. 5 and 1. 0 microns wavelength. 
assuming that the atomic l ines a r e  black body limited,  one can est imate  a 
maximum radiation intensity by using the doppler width of the lines. 

This es t imate  under the conditions of the measurements  in Fig. 1 
amounts t o  approximately 12 watts/cm3-2.rr s t e r .  The total equilibrium 
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F i g .  1 Equilibrium radiation measurements  behind normal  air shocks 
versus wavelength. 
PI = 0. 1 m m  Hg. 

The shock conditions a r e  Us = 10 morn/psec, 
The equilibrium temperature  is  9650 K. 
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radiation r e  or ted by Kivel and Bailey4 under these conditions was only about 
8 w a t t s / c m ~ 2 1 r  s t e r ;  this reference did not include any atomic line radiation. 
By integrating under the curve of the measurements  in Fig. 1 about 3 wat ts /  
cm3-2rr ster can be attributed to the atomic line radiation and about 3 wat ts /  
cm3-2rr ster to  the remainder.  
the 8 watts/cm3-2rr s t e r  estimated by Kivel and Bailey. The discrepancy is 
attributed tentatively to  an over-estimate of the Kramer '  s radiation. 

Only this la t te r  value should be comparedwith 

Needless to s a y  Kramer ' s  radiation is ve ry  sensit ive to  electron con- 
centration. 
higher degrees  of ionization where estimates of electron and ion concentration 
a r e  l e s s  subject to  e r r o r .  
var ie ty  of gas sample thicknesses to t e s t  at what conditions atomic line radi-  
ation becomes black body limited. 

A better measurement  of K r a m e r ' s  radiation should be made at 

Other measurements  should be made through a 

-.- In our non-equilibrium radiation measurements ,  atomic nitrogen line 
radiation has been found to be of the same relative intensity to  the total radi-  
ation a s  has  been found in the case  of equilibrium radiation. However, the 
total  non-equilibrium radiation intensity value of 36 watts/cm2 2rr s t e r ,  r e -  
ported in the Phase  I1 report  for a normal air shock a t  33,000 ft/sec and 
p1 = 0. 1 mm Hg is still a reasonably good estimate.  
months, additional t ime to  peak and t ime to 10% above equilibrium intensity 
values have a l so  been obtained. 
the same as our previously reported resul ts .  

During the l a s t  th ree  

These measurements  were  substantially 

Recently, in conjunction with electronic heat t ransfer  measurements ,  
optical measurements  were  made of the gas cap radiation on the nose of 
spherical  models. 
qualitative analysis of the gas  cap radiation shows significantly higher radi-  
ation intensity than that seen f r o m  the normal  shock wave. These measu re -  
ments will be invaluable in conjunction with heat t r ans fe r  measurements  to 
evaluate the steady t e s t  t ime and also to  properly est imate  radiation heat 
t r ans fe r  effects simulated super- satellite re -en t ry  velocities and altitudes. 
Fu r the r  analysis of this important source of data is planned. 

Analysis of this data is  yet in a prel iminary stage but 

Experimental  and theoretical studies a r e  being conducted in gases  
other than air to  lend insight into the physics and chemis t ry  of the non- 
equilibrium region. The following sections outline these efforts at AERL, 

2. Shock Front  Radiation-Experimental Study of Collision Limiting* 

An experimental  p rogram is  in p rogres s  to determine the density a t  

Since the resu l t s  a r e  eas ie r  to interpret  in a pure gas ,  data have 
which various radiative band systems of shock heated air become collision 
l imited,  

* This work was supported jointly by Headquarters,  Ballistic Systems Divi- 
sion, Air Fo rce  Systems Command, United States Air F o r c e  under Contract 
AF  04(694)-33 and the Advanced Research Pro jec ts  Agency monitored by 
Army Ordnance Missile Command, United States Army under Contract No. 
DA- 19-020 -0RD-5476. 
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been collected on the N2 4- first negativq (3900-3925A) and N2 first positive 
(5000-10,000 A) band systems in nitrogen covering a range of initial p r e s s u r e s  
of 20-5OOp Hg and shock velocities of 4.5 - 7.0 mm/p sec.  

Analysis of the radiation profiles in the shock front indicates that the 
binary scaling law begins to  break down at the lower init ial  p re s su res .  Be- 
fore  collision limiting se t s  in the kinetic processes  responsible for the radi-  
ation overshoot involve only binary collisions. 
radiation overshoot is expected to  be proportional to density while the dura-  
tion of the overshoot is inversely proportional t o  density. This binary seal- 
ing effect is shown in Fig. 2 for  the N2 4- first negative band in nitrogen. 
radiation profiles taken at the same shock velocity but at initial p r e s s u r e s  of 
100 and 200p Hg have been plotted using the binary scaling law. The two 
profiles a r e  observed to pract ical ly  coincide. However, in Fig. 3 four other 
radiation profiles, two at 100p and two at 20p H g  plotted in a similar manner ,  
a r e  seen not to scale.  

Therefore ,  the intensity of 

Two 

If this breakdown of binary scaling between 100 and 20p Hg initial 
p r e s s u r e  is ascribed to collision limiting, and, if the assumption is made 
that all the atomic and molecular species in the gas  are effective in de- 
activating the excited electronic state of the N24- first negative system, then 
this data indicates that the collisional deactivation cross-sect ion is g r e a t e r  
than 3 x 10-14 cm2.2 

A thorough analysis of the pa rame te r s  character iz ing the radiation 
profile is current ly  being ca r r i ed  out t o  ascer ta in ,  i f  possible, whether the 
effect observed is indeed due to  collision limiting of the excited electronic 
state. The range of initial p re s su re  is being extended to  higher values to  
check that the binary scaling law holds into a p r e s s u r e  range where collision 
limiting is definitely not expected to  occur. 
a l so  allow comparison with other  data previously obtained in chemical and 
e lec t r ic  shock tubes. 

This higher p re s su re  data will 

3. An Investigation of the Luminous Front  Excitation Mechanism in Shock- 
Heated N-N?. Mixtures * 

Much is known about the radiation emanating f rom shock-heated nitro- 

The N2 ( l t )  and N2 t (1-) radiation t ime his tor ies  have been 
gen. 2, 3* 
b e r s  measured. 
investigated and a r e  found to  exhibit large overshoots at the shock front. 
Although much is known about these radiation profiles,  the mechanisms pro-  
ducing the excited s ta tes  and their  rate constants are unknown. 
stand fully the luminous front in shock-heated air and to  be able t o  extrapolate 
t o  experimentally-uninvestigated conditions , it is imperative that these 
mechanisms and their  rates be known. 

The important band sys tems have been identified and the f num- 

To under- 

* This work was supported by the Advanced Research  Pro jec ts  Agency moni- 
to red  by the Army Ordnance Missile Command, United States Army under 
Contract No. DA- 19-020-ORD-5476. 
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2 Radiation intensity profiles of N2' first negative system showing 
binary scaling. 
30 c m  path length has been divided by the init ial  p r e s s u r e ,  P, in  
c m  Hg; and the t ime,  T ,  has been multiplied by P. 
velocities for  the two runs were  5.22 t . O l  mm/b sec.  

In plotting these profiles the intensity, I,  fo r  a 

The shock 
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Fig. 3 N2' first negative radiation profiles f o r  1 0 0 ~  and 20P Hg initial 
p ressure  showing a breakdown in binary scaling. 
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Thorson and Childs8 have proposed that nitrogen in the B 3 T state  is  
formed in the following manner:  

slow 
(X)  - N2 (A) t N 

V 
N t N2 

giving r i s e  to  the N2 (lt.) radiation by the transition 

That is ,  that the ra te  limiting s tep in the excitation mechanism is governed 
by reaction (1) and that the higher electronic s ta tes  a r e  in equilibrium with 
the ( A 3 Z )  state.  
to excite the vibrationally excited N2 (XIZ)  molecule to the (A) electronic 
s ta te  and that d i rec t  excitation by molecule -molecule collisions is unimportant. 
Hence, in a nitrogen shock, excitation must  wait for production of N-atoms. 

Note that the proposed ra te  limiting s tep uti l izes an N-atom 

The N2+ (1-) radiation must await the formation of the N2 ' ion mol- 
ecule which is probably formed via the reaction 

N t N - N2' t e (4) 

If the above mechanisms be t rue,  the luminous front in a shock- 
heated N-N2 mixture should be significantly changed f rom that of pure N2 
and the ra te  of reaction (1) and perhaps (4) can be measured by the r i s e  of 
radiation. 
to t e s t  this hypothesis has been designed. Most of the apparatus has been 
assembled and some prel iminary experiments have been ca r r i ed  out. 

Some prel iminary calculations have been made and an experiment 

Pre l iminary  calculations indicated that a sufficient N-atom concen- 
t ra t ion could be maintained' in a 10 ft long, 1-1/2 in. diameter  g lass  t e s t  
section in which the atoms a r e  produced by means of a pulsed e lec t r ic  d i s -  
charge between electrodes located at opposite ends of the tes t  section. 
initial N2 p re s su res  of the order  of 1 mm, the atoms will l a s t  for t imes of 
the o rde r  of one second before their disappearance due to  three-body recom- 
bination in the gas phase and wall  recombination. 
along the tube to  the electrodes is unimportant. 
t empera ture  in t imes of the o r d e r  of 10 m-sec .  

F o r  

Diffusion of the atoms 
The gas cools to room 

A conventional chemically-driven shock tube has been se t  up using a 
t e s t  section as described above. Pre l iminary  measurements  of a tom con- 
centrations have been made by monitoring the charac te r i s t ic  yellow afterglow 
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with a photomultiplier f i l ter  combination which is peaked a t  5900A. Using 
the known value for the three-body reco'mbination ra te  of nitrogen9 in con- 
junction with the afterglow intensity decay, we have found that a tom concen- 
t ra t ion up to  50% have been produced. 
discharge (initial N2 p res su re  = 1 mm) atom concentrations a r e  of the o rde r  

Typically, 80 m-sec  following the 

of 10 to  20%. 

W e  have run a few shock waves into such N-N2 mixtures  and have 
monitored the N2 ( l t )  with a photomultiplier f i l ter  combination which is  
peaked at 6250A and the N2 t (1 - )  with a photomultiplier f i l ter  combination 
which is peaked at 425019. 
ing as some difference between the N-N2 and pure N2 luminous fronts has  
been detected. 
and that in the near future our final optical monitoring sys tems will be com- 
pleted and final judgement on the value of the experiment must  be reserved  
until then. 

4. 

The experiment at the present  t ime looks promis-  

It is to  be emphasized that these a r e  v e r y  pre l iminary  resul ts  

* Shock Front  Radiation - Theory 

Calculations have been performed to determine the shock front radia-  
tion his tory fo r  local equilibrium for the N2 ( l t )  bands. F o r  the non-equil- 
ibrium radiation of the N2 ( l t )  band system, the upper electronic s ta te  was 
assumed to be in thermal  equilibrium with the ground state a t  the vibrational 
temperature .  Runs were  made for the following shock speeds and p res su res :  
U s = 4 . 0 ,  5.0, 6 . 0 , 7 . 0 , 8 . 0 ,  9 . 0 , a n d l O m r n 4 s e c ; p = l . O ,  0.3, 0.1, 
0 .03,  0.01, and 0 . 0 0 3  c m  of mercury.  These cases  gave us  42 conditions to 
evaluate, covering the ex t remes  of shock speed and p r e s s u r e  which a r e  
normally run in this laboratory. 
been made he re  recently. ) 

(Some runs at  even lower p r e s s u r e s  have 

The following parameters  were  calculated: t ime for the peak of radi-  
ation, t ime for equilibrium radiation, t ime for  the back reaction to  s e t  in 
(i. e . ,  the recombination of a toms is 10% of the dissociation), and the peak 
to  equilibrium ratio of radiation. 

The t ime of the peak of radiation always corresponded to  the point 
where the vibrational temperature  became equilibrated with the translational 
temperature .  
equilibrium with the vibrational temperature .  
runs did not show a peak of radiation at our vibrational peak time. There  a r e  
two explanations for  this: (1) the vibrational tempera tures  a r e  not calculated 
correct ly ,  and/or (2)  the upper electronic s ta tes  a r e  not excited at the vibra-  
tional temperature.  

This was t o  be expected because the radiation was held in 
However, the experimental  

There  is good reason to  be suspicious of our C. V. D. 

* This work was supported by the Advanced Research Pro jec ts  Agency moni- 
to red  by the Army Ordnance Missile Command, United States Army under 
Contract No. DA-19-020-ORD-5476. 
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scheme which calculates the vibrational tempera ture  history. Our present  
C. V. D. scheme does not take into account the depletion of upper s ta tes  due 
to  dissociation, and uses  a harmonic oscil lator well which requires  the 
ladder climbing process  to occur one s tep a t  a t ime. Effor ts  a r e  being made 
to co r rec t  these deficiencies. In addition, there  is no good reason to  requi re  
the upper electronic s ta tes  to  be excited at the vibrational tempera ture  unless 
only molecule-molecule collisions take place. 
then the translational temperature  w i l l  play an important role.  

If atoms excite the molecules 

When the back reaction sets  in, the process  is no longer a two-body 
N t N -i A, where h is 

This means that the reactions cannot be binary scaled as in 

At the lower shock speeds 

process ,  but a three-body process;  i. e . ,  N2 +- A 
some catalyst. 
a two-body process  so that cer ta in  parameters  will not be sufficient to  de- 
sc r ibe  the radiation profile under all conditions. 
(i. e . ,  below 7 mm/p sec )  and lower p re s su res  (below . 1 cm)  the back reaction 
se t s  in after the peak. There were some calculations in which a peak did not 
occur at all, a condition not seen in the experimental  runs a t  this laboratory.  

The peak to  equilibrium ratios calculated were  uniformly higher than 
those obtained by the experiments except for  those calculations made at  very 
high shock speeds and p res su res  where no peak occurred at all. 

Alternative methods of excitation a r e  being examined which may  help 
c lear  up some of the discrepancies between this theoretical  model and ex- 
per iments .  F o r  example, a s  discussed in the previous section, i t  is possible 
that atoms play a ve ry  important role. 
t empera ture  will play an important role. 
peaked initially, so  that the only possible resul t  is to  shift the peak of radia-  
tion to ea r l i e r  t imes more  in agreement with experiment. 
shocked gas ,  t he re  a r e  no atoms present s o  that the radiation does not build 
up s o  rapidly. 
mechanism is used. In addition, finite c r o s s  sections wil l  introduce a t ime 
delay and slow down the speed of the reaction. 
naturally assumes  infinite cross-sections.  If the experiment of shocking a 
par t ia l ly  dissociated gas is Successful, it w i l l  be possible to  obtain the c r o s s -  
sections for atom-molecule processes  by direct  experiment. 
some of these refinements can be performed in the future af ter  the experi-  
ments  previously discussed have progressed further.  

This means that the translational 
The translational temperature  is 

In ordinarily 

This will sure ly  bring down the peak i f  an atom exciting 

A local equilibrium theory 

It is hoped that 

Other related work has been a new calculation of overlap integrals.  
Using our  scheme,  we can calculate all overlap integrals in a band sys tem 
f r o m  the (0,O) transition. This was made possible f rom a rigorous deriva- 
tion of recurs ion  formulas of the various wave functions for  a Morse oscil-  
l a tor  which is used to  calculate these wave functions. The (0,O) transit ion 
presents  an extremely difficult integral and has been solved so far by the 
method of s teepest  descents. F o r  the four band sys tems t r ied,  the resul ts  
have been excellent, agreeing almost exactly with previously quoted resul ts .  

In the near  future, overlaps wi l l  be calculated for the following band 
sys t ems  which occur in shock tube work: N2 ( l+) ,  N2 (2+ ) ,  N2+ (1-), N2+ 
(Meinel), NO (p) ,  NO (y), N O  (Ogawa), 0 2  ( S .  R. ), CN (Red), CN (Violet), 
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C@ (Comet tail), C2 (Swann) and NH. 
quickly and will be published. 

5. Current  Assessment 

These calci lations should run off 

Sufficient coverage of non-equilibrium radiation has  been made to  
make a reasonably good estimate of the significance of this source  of heating 
for the Apollo re-entry problem. The measurements  made in our shock tubes 
appear to be in good agreement with available ballistic range resu l t s .  
cient density coverage has  been achieved to validate binary scaling and p re -  
l iminary experiments a t  low densit ies in nitrogen have detected collision 
limiting. F rom these experimental studies,  our g r o s s  understanding of the 
non-equilibrium radiation is felt  to  be sufficient to enable us  to  scale  the 
available measurements over the flight spec t rum of in te res t  to  an Apollo Re- 
entry Vehicle. 

Suffi- 

The details of excitation of this radiation in an air shock and exactly 
how to rigorously include this effect theoretically into flow calculations still 
remains unknown. However, related experiments and theoretical  studies in 
constituent gases a r e  present ly  in progress  to advance our understanding of 
this aspect  of the problem, 

6. Planning Next Three Months 

A. Experimental 

yond 1. 
and the 

1. 
OF. 
data is now in the process  of being analyzed. 

Continue monochromator measurements  in wavelength region be- 
These measurements  have been in p rogres s  for the past  few weeks 

2. Make more  accurate  measurement  of Kramer ' s  radiation. This 
will be accomplished in conjunction with the monochromator measurements  
beyond 1. Op. 

3. Continue with atomic-molecular electronic excitation mechanism 
experiment,  (shocks in N-N2 mixtures) .  

B. Theoretical 

1. Incorporate present  experimental  knowledge of non-equilibrium 
radiation into flow calculations. 

2. Revise equilibrium radiation est imates  in line with an  up-to-date 
knowledge of f numbers K r a m e r ' s  radiation, and atomic line radiation. 
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